New experiments, to test quantum electrodynamics (QED) in strong Coulomb fields and to study atomic collisions at ultra relativistic energies, are proposed. A 0.1% measurement of the 2 2 P 112 -2 2 S 112 splitting in lithiumlike uranium (Z =92) and the 2 3 P 0 -2 3 S 1 splitting in heliumlike uranium is proposed as a sub 1% test of the Lamb shift in a strong Coulomb field. Measurements of the hyperfine splitting of hydrogenlike thallium (Z=81) and the g 1 factor of the ground state of hydrogenlike uranium are proposed as a test of the QED contribution to the magnetic moment of an electron bound in a strong Coulomb field. Measurements of capture cross sections for ultrarelativistic very heavy nuclei are proposed to look for the capture of electrons from pair production.
INTRODUCTION
The production 1 in 1983 of a beam of bare U 92 + at the Lawrence Berkeley Laboratory's Bevalac 2 -the Bevatron and Super-HILAC operating in tandemdemonstrated the feasibility of experiments using few-electron uranium. X rays from n=2 -n= 1 transitions in hydrogenlike uranium and heliumlike uranium were observed 5 in 1984 {Fig. 1) and a low-precision determination of the 2 3 P 0 -2 3 S 1 splitting in heliumlike uranium was operating in 1985 using beam intensities of 10° ions per second 4 • Experience from these experiments and higher uranium intensities will make it possible to perform a sub 1% measurement of the Lamb shift at Z=92. In addition, new experiments are being developed to measure the QED contribution to the magnetic moment {anomalous magnetic moment) . of an electron bound in a very strong Coulomb field. Beyond present accelerators, a proposed heavy ion facility at Brookhaven National Laboratory will use the Alternate Gradient Synchrotron to produce 15 GeV /nucleon very heavy ions 5 , will extend atomic collisions of very heavy ions to ultra-relativistic energies. A new mechanisms for charge capture from pair production is expected. This mechanism may be very important to the physics of relativistic heavy ion colliders.
SELF-ENERGY AT VERY HIGH Z
At Z=92, the contributions to the Lamb shift (2 2 S 112 -2 2 P 112 splitting) {Fig 2) are the self-energy 6 of~ -57 eV, the vacuum polarization 7 of~ + 14 eV and the finite nuclear size correction 7 of~ -33 eV. Vacuum polarization, but not self-energy, is well tested in muonic atom experiments. High-Z Lamb shift measurements primarily test the self-energy in a strong Coulomb field 8 . In addition to being the largest contribution to the Lamb shift, the selfenergy makes up a large fraction of the splittings between stales of 2p 112 and 2s 112 electrons in heliumlike and lithiumlike uranium. The 2 3 P 0 -2 3 S 1 splitting in heliumlike uranium 9 {Fig. 3) is~ 254 eV and the 2 2 ? 112 -2 2 S 112 splitting in lithiumlike uranium {Fig. 4) is ~ 283 eV. 
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Fig. 1 -X rays from n=2 .... n= 1 transitions in hydrogenlike uranium (U 91 +) and heliumlike uranium (U 90+) observed in a beam-foil experiment. The x-rays from 430 MeV /nucleon uranium were observed by a germanium x-ray detector looking perpendicular to the beam at a 15 mg/cm 2 mylar target. Because of relativistic Doppler shift, the x rays seen in the Laboratory are red shifted by a factor of 1.46. The peak at about 64 keV corresponds to transitions 2 2 ? 112 and 2 2 S 112 .... 1 2 S 112 in hydrogenlike uranium plus 2 3 S 1 and 2 3 ? 1 .... 1 1 S 0 in heliumlike uranium. The peak near 67 keV corresponds to transitions 2 2 ? 5 / 2 .... 1 2 S 1 / 2 in hydrogenlike uranium and the 2 3 ? 2 and 2 1 ? 1 .... 1 1 S 0 in heliumlike uranium. The background is caused in part by bremsstrahlung photons produced when target electrons scatter off the uranium and by high energy electrons scattered out of the target.
Far more significant than the size of the self energy at Z=92 is that the self-energy contribution arises almost entirely from terms which are of very high order in Za. (where a is the fine structure constant). Because these terms are large only at very high Z (strong Coulomb field) they are not tested in present lower-Z Lamb shift and fine structure experiments.
The contribution of the higher order terms in the self-energy can be seen by comparing the series expansion, of the self energy with an evaluation of the 2 2 Sl/ 2 self-energy to all orders 6 · 10 · 11 in Za.. If we write the self energy I:n in a power series in ex and Zcx, we have: Fig. 5 shows the ratio of the higher order terms in the self-energy to the total self energy. In neutral hydrogen the higher order terms in the self-energy contribute about 0.1 parts per million to the Lamb shift, nearly 100 times smaller than the uncertainty due to proton structure 12 . At Z= 18 the contribution is only about 1% of the Lamb shift, equal to or smaller than the experimental uncertainty 13 . At Z=92 however, the higher order terms are essentially the entire selfenergy contribution, and make up over half of the total Lamb shift. The levels were tabulated using the Dirac energy38 plus the self-energye, vacuum polarization 7 and finite nuclear size correction 7 . The radiative width of the 2 2 ? 112 and 2 2 ? 312 states is not indicated but is about the same as for the radiative width of the 2 3 ? 1 and 2 1 ? 1 states of heliumlike uranium (Fig. 3 Previous Lamb shift experiments are compatible with both the series expansion and numerical calculations to all orders 8 • 10 in Za. Again, this is because the higher order terms in the self-energy are large only at very high Z and hence they are unmeasured in present QED experiments. A consequence is that a significant deviation from QED at high Z is unobservable in previous experiments and that the difference between the numerical calculation and the series expansion is not well tested.
Hydrogenlike Uranium

2P -2S SPLliTINGS
A low prec1s1on measurement of the 2 3 ? 0 lifetime to determine the 2 3 Po -2 3 S 1 splitting in heliumlike uranium is in progress 4 • The experiment takes advantage of several features of the heliumlike atom. The 2 3 ? 0 state decays to the 2 3 S 1 state by an electric dipole {E1) decay and to the ground state by a two-photon electric-dipole, magnetic-dipole decay 14 • {Fig. 2). As the El decay to the 2 3 S 1 state is the dominant decay of the 2 3 ? 0 state, the 2 3 ? 0 lifetime is sensitive to the 2 3 ? 0 -2 3 S 1 splitting. Consequently, a measurement of the 2 3 ? 0 lifetime plus the calculated El matrix elementH> and the calculated E1Ml decay rate 14 may be used to determine the 2 3 P 0 -2 3 S 1 splitting. There are no significant QED corrections to the El matrix element or to the ElM 1 decay rate.
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A second feature of this system is that the 2 5 S 1 state decays to the 11S 0 ground state with a rate of 10 14 sec-1 --much faster than the 2 5 Po decay.
This allows the 2 3 P 0 lifetime to be measured by observing the 96 keV x ray from the 2 3 Po fed decay of the 2 3 81 state.
In addition to the Lamb shift terms, the interaction between the two electrons{~ +330 eV) 16 makes up the rest of the~ 254 eV 2 5 P 0 -2 3 S 1 splitting in heliumlike uranium. The experiment is designed to determine the splitting to about 5 eV, or roughly 10% of the higher order self-energy. 0 ·.;: co a: z Jo,ig. 5 -Ratio of the higher order terms in the self-energy to the total self-energy obtained by comparing the series expansion value through term A 70 {Z a)? with a numerical calculation to all orders 6 · 10 in Z a. The series expansion changes sign near Z=60 allowing the ratio of the higher order self energy to lhe total self energy to exceed 1 for very high Z. 6 t""
As more intense uranium beams become available, a Doppler-tuned UV spectrometer will be used lo make a direct spectroscopic measurement of the~ 283 eV 2 2 P 112 -2 2 S 112 lransition in lithiumlike uranium 17 (or the 2 3 P 0 -2 3 8 1 transition in heliumlike uranium). The goal is to achieve a precision of 0.2 eV (0.4% of the self-energy). Because the 2 2 P 112 -2 2 S 112 transition occurs within the ground slate manifold in lilhiumlike uranium {Fig. 4), and contains fewer m; stales than n=2 heliumlike uranium, the lilhiumlike 2 2 P 112 -2 2 8 112 transition is expected lobe at least an order of magnitude brighter than the heliumlike 2 3 P 0 -2 3 8 1 transition. In addition, lithiumlike uranium can be produced at lower velocities than heliumlike uranium which will result in a relatively lower background from bremsstrahlung in the target. These are strong experimental incentives to choose lilhiumlike ions in preference to heliumlike ions for a high-accuracy direct spectroscopic measurement.
In order to interpret a high-accuracy measurement of the 2 2 P 112 -2 2 8 112 splitting of lithiumlike uranium in terms of the self-energy, theory for the 2 2 P 112 -2 2 8 112 splitting in lithiumlike uranium must be improved. For lithiumlike uranium, Kim 18 has estimated that present calculations are accurate al the level of a few eV. For heliumlike atoms, agreement between theory 1 9 and experiment at low Z suggests that. for heliumlike uranium present theory is reliable at about the 1 eV level. For hydrogenlike-, heliumlike-and lithiumlike-uranium, the uncertainty in the nuclear radius contributes an uncertainly of about 1 -2 eV for the 2P -?S transitions {and 
QED CONTRIBUTIONS TO MAGNETIC MOMENTS OF BOUND ELECTRONS
In addition to the QED contribution to the mass of an electron in a Coulomb field (Lamb shift) there is also a QED contribution to the g-factor of the electron in a Coulomb field. This contribution is a bound state effect and is not tested by experiments which measure the g-factor of a free electron. The effect is observable in the hyper-fine structure22.23 and g-factor-24 of hydrogenlike atoms.
The QED contribution to the electron g-factor in a Coulomb field is tested in the hyper-fine structure of hydrogen 23 and the hyper-fine structure of muonium 23 ·2:l and in the g-factor of the ground state of hydrogen26. (These experiments are discussed in the next section.) To the best of my knowledge it has not been observed for Z >1. 
\)
~e contribution to the total hyper.tine splitting of the Z a and (Z a)2 terms at dtfferenl Z computed from Eq. 3 is given in Table I . Terms of higher order than (Z a) 2 have not yet been calculated. · The term of order (Zcx) 2 contributes about 1% of the hyper.tine splitting at Z=B1 (the anomalous magnetic moment of the free electron contributes roughly 0.1%). In addition, at Z=B1, the {Zcx) 2 term is larger than the lower order Za term. At very high Z terms of order {Zcx) 3 and higher could be larger than the lower order terms. The calculation of higher order terms presents a challenge because it is necessary to consider the energy of the electron bound by both strong Coulomb and magnetic fields 27 • The g; factor of a bound electron also has QED contributions which are not present for a free electron and which become relatively large at high Z {Ref. 24}. The leading term is cx/rr (Zcx) 2 which contributes 3 X 10-a in hydrogen and 3 X 10-4 in hydrogenlike uranium. The relative contribution to the g; factor is smaller and of higher order than for the hyperfine splitting. This is because the g; involves a uniform external magnetic field where as the hyperfine splitting arises in the magnetic field singularity at the nucleus.
HYPERFINE STRUCTURE AND G; EXPERIMENTS
Tests of the QED contribution to the hyperfine splitting of an electron bound in a Coulomb field are limited in hydrogen at a few ppm due to the uncertainty in the proton polarizability and in muonium to a few tenths of a ppm due to uncertainties in the muon mass and fine structure constant 23 .
These experiments test the term of order {Zcx) 2 to about 10% and are probably insensitive to higher order terms. By comparison the leading term in the Lamb shift in hydrogen is tested to about 10 parts-per-million.
Measurements of the g; in the ground state of hydrogen 26 achieved a precision of 1 X 10-a which tests the leading order term to about 30%. Experiments28 in He+ are not yet of sufficient sensitivity to see the contribution.
Measurements of the ground state hyperfine structure of hydrogenlike thallium using storage rings have been proposed by Bemis 29 , and fixed target experiments have been proposed by Bemis and Gould 30 • The ground state hydrogenlike thallium {Fig. 7) {I = 1/2) F= 1 -F=O transition energy is calculated to be 4800 A 0 without QED corrections and the magnetic dipole decay (M 1) rate for F= 1 ... F=O is ~ 10 3 s -1. Confinement of hydrogenlike thallium in a storage ring would then produce a spectra from the F= 1 .. F=O allowed M1 decay and optical spectroscopy would be used to determine the ground state hyperfine interval. For a 15 meter radius ring capturing 10 9 ions per second, a highly collimated detector which intercepted 0.01% of the decay photons over 10 em would detect 100 counts/sec. With 1 mR angular acceptance the Doppler width is of the order of 0.1% of the transition energy, which would immediately allow a measurement of the (Za) 2 term to 1% and almost certainly a sensitive test of higher order terms. The finite nuclear size correction to the hyperfine splitting is about 20% at Z=Bl. The ~ 1% uncertainty in the nuclear radius presently limits a comparison between theory and experiment to a few-tenths of a percent. To utilize the precision which might be attained in a storage ring experiment a more precise value for the nuclear radius will be needed. Muonic atom experiments should be able to provide an improved value for the radius.
The g; factor is much less sensitive to the finite nuclear size correction. It appears that in lowest order there is no nuclear size correction to the non-QED part of the g; factor 31 . If the contribution of the nuclear size to the QED part is the same order as for the hyperfine splitting. then the nuclear size uncertainty is not a serious limitation to a g; measurement.
An atomic beam resonance technique has been proposed for a Zeeman et!ect measurement of the g; factor of hydrogenlike uranium 32 and an optical resonance measurement of the hyperfine splitting of hydrogenlike thallium 30 . The measurements require the production of a beam of polarized hydrogenlike atoms and analyzing the polarization to detect a resonance transition in an interaction region placed between the polarizer and analyzer. For g; measurements the interaction region would consist of a uniform magnetic field and a pair of rf driven loops, while for hyperfine splitting measurements the interaction region would contain a high power LASER. Experiments are being carried out at the Lawrence Berkeley Laboratory's Bevalac to produce polarized ground-state hydrogenlike uranium by capturing an electron onto bare uranium nuclei channeled through a magnetized single-crystal ferromagnetic foil. The analyzer would be a second foil. As the Pauli principle prohibits capture of a second electron in to the same ground state, the ratio of heliumlike to hydrogenlike uranium formed in the second target would depend upon whether the hydrogenlike uranium underwent a spin-tlip transition between foils. At relativistic energies radiative electron capture (REC), the inverse of the photoelectric effect, becomes a significant capture mechanism.
Unlike nonradiative capture, which preferentially captures the K-shell electrons from the target, REC has a more equal probability of capturing the valence electrons. The valence electrons are aligned in a ferromagnetic target and channeling the ion enhances the probability of capturing them. The technique works at very low energies where K-shell capture is suppressed and bas been used to produce polarized deuterium beams 33 • 
ULTRARELATMSTIC PAIR PRODUCTION
The cross section for producing electron -positron pairs from the Coulomb field of two colliding {bare) nuclei is given for the limiting case of kinetic energies much larger than the electron (lepton) rest mass by
:
UpfJir = {28/27rr) a 2 z~ Zl T~ logry (4) where 1 = (1-p2)-1/2 with p = v/c and Z 1 and Z 2 are the nuclear charges, and r 0 is the classical electron radius. Table II shows the cross sections computed from Eq. 1 for producing electron -positron pairs in uranium -uranium collisions at collider energies. 5  70  8  10  240  17  20  880  31  40  3400  54  100  20400  98 A transfer line between a tandem Van der Grat! and the Brookhaven alternating gradient synchrotron (AGS) is presently under construction. With the addition of a proposed booster synchrotron 5 , very heavy ions will be accelerated to energies of over 10 GeV /nucleon. Ultimately the AGS may serve as an injector for a 100 GeV /nucleon on 100 GeV /nucleon relativistic heavy ion collider 35 • For a 100 GeV /nucleon collider operating with a luminosity of 10 27 em -2 s-1 bare uranium nuclei, about 10a electron -positron pairs per second are produced in the collision region. As number of muon pairs scales roughly as (m./m~) 2 about 2000 muon pairs would also be produced and one or two tau pairs. Finally, heavier pairs will also be produced in small quantities and the upper limit to the mass of the pairs which can be observed needs to be explored. (A more detailed discussion of atomic physics effects in relativistic heavy ion colliders may be found in Ref. 35,36.) 10" It is possible for the electron produced in pair production, to be captured into the K-shell of one of the uranium atoms which produced the pair. Classically, capture occurs if the electron is found within the potential well of the Coulomb field and has a kinetic energy less than the K-shell binding energy. In uranium this means within ~ 580 fm and a kinetic energy of less than 130 keV. (If the two uranium are closer than 580 fm, then the binding energy of the combined system will be larger than 130 keV. In collisions at energies close to the Coulomb barrier, uranium nuclei which approach to within 35 fm have a combined binding energy in excess of 1 MeV.)
Experiments can be done to look for capture from pair production in fixed target experiments on l:::j 10 GeV /nucleon gold (Z=79). At this energy the only competing capture mechanism in light targets is radiative electron capture and the radiative electron capture cross section can be accurately calculated.· K-shell ionization is reliably given by the Bethe theory1. 37 , so that the fraction of one-electron ions emerging from a target can be interpreted to vield a measurement of the cross section for capture from pair production. The ratio of one-electron gold to bare nuclei as a function of the probability of capturing the electron from pair production is shown in Fig 8. OThere 'is a near degeneracy between the 2 1 S 0 and the 2 3 P 0 states in heliumlike uranium {Fig. 3}. It is intriguing to consider a measurement of the 2 1 S 0 -2 3 ? 0 slitting since even a large fractional error yields a very sensitive test of the Lamb shift contribution. {The uncertainty in the energy levels is a few eV, too large to determine how close the levels really are.) Since the 2 s P 0 slate decays with a lifetime of :=::~ 50 ps, any mechanism which produced a significant mixing of the 2 Sp 0 and 2 1 S 0 stales would produce an experimentally observable signal. However no single photon transition can connect these j=O slates for atoms with no hyperfine splitting, while in atoms with large hyperti.ne effects, the 2 Sp 0 stale is no longer long-lived. 
